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Evaluation of [''C]S14506 and [*°F]S14506 in Rat and Monkey as Agonist
PET Radioligands for Brain 5-HT Receptors

Shuiyu Lu”, Jeih-San Liow, Sami S. Zoghbi, Jinsoo Hong, Robert B. Innisand Victor W. Pike

Molecular Imaging Branch, National Institute of Mental Health, National Institutes of Health, 10 Center Drive, Room

B3C346, Bethesda MD 20892-1003, USA

Abstract: In vitro and ex vivo measurements have shown that the binding of the selective high-affinity agonist, S14506
(1-[2-(4-fluorobenzoylamino)ethyl]-4-(7-methoxy-naphthyl)piperazine), to 5-HT;, receptors, is similar in affinity (K4 =
0.79 nM) and extent (Byax) to that of the antagonist, WAY 100635. We aimed to test whether S14506, labeled with a posi-
tron-emitter, might serve as a radioligand for imaging brain 5-HT 1 receptors in vivo with positron emission tomography
(PET). Here we evaluated ["'C]S14506 and [®*F]S14506 in rat and rhesus monkey in vivo. After intravenous administra-
tion of [*'C]S14506 into rat, radioactivity entered brain, reaching 210% SUV at 2 min. Radioactivity uptake into brain
was higher (~ 350% SUV) in rats pre-treated with the P-glycoprotein (P-gp) inhibitor, cyclosporin A. In rhesus monkey,
peak brain uptake of radioactivity after administration of [*'C]S14506 or [‘®F]S14506 was also moderate and for
[*'C]S14506 increased from ~ 170% SUV after 7 min, to 240% SUV in a monkey pre-treated with the P-gp inhibitor,
tariquidar. The ratios of radioactivity in 5-HT 4 receptor-rich regions, such as cingulate or hippocampus to that in recep-
tor-poor cerebellum reached between 1.35 and 1.5 at 60 min for both [*'C]S14506 and [**F]S14506. [*'C]S14506 gave
one major polar radiometabolite in monkey plasma, and [‘®F]S14506 gave three and two more polar radiometabolites in
rat and monkey plasma, respectively. The rat radiometabolites of [**F]S14506 did not accumulate in brain. [*®F]S14506
was not radiodefluorinated in monkey. Thus, despite high-affinity and lack of troublesome brain radiometabolites, both
[*'C]S14506 and [®F]S14506 were ineffective for imaging rat or monkey brain 5-HT 4 receptors in vivo, even under P-gp

inhibited conditions. Explanations for the failure of these radioligands are offered.
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INTRODUCTION

Brain serotonin 5-HT; 4 receptors have been implicated in
a wide range of neuropsychiatric conditions, including de-
pression [1], anxiety [2], schizophrenia [3] and suicide [4].
Consequently, over the last two decades, there has been great
interest to study these receptors in patient populations with
molecular imaging and especially with positron emission
tomography (PET) [5-7]. Brain 5-HT receptors have been
successfully imaged with PET in human subjects with a
range of antagonist radioligands. The most effective and
popular radioligands include [carbonyl-"'*C]WAY-100635
[8], [carbonyl- 'ICIDWAY [9], [*®*F]JMPPF [10,11] and
[**FIFCWAY [12] (Chart 1). These antagonist radioligands
measure the sum of G-protein-coupled and non G-protein-
coupled 5-HT,, receptors. Some studies have indicated that
the receptor-specific binding of such antagonist radioligands
has only low sensitivity to endogenous serotonin levels [13-
17]. This poses a limitation on the use of these radioligands
for more deeply probing the role of serotonin, and its interac-
tion with 5-HT 4 receptors, in neuropsychiatric disorders.

Many potent and selective 5-HT; receptor agonists have
been labeled with tritium and used successfully for studying
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brain 5-HT;4 receptors in vitro [18,19]. The development of
agonist radioligands for PET imaging of brain 5-HT4 recep-
tors in vivo had until recently met with only limited success
[6]. This had probably been due in part to two major obsta-
cles unique to agonist-type ligands. First, agonists generally
bind only to receptors that are coupled to G-protein, which
represent only an unknown fraction of the receptors available
for binding to an antagonist. Second, the binding of an ago-
nist is expected to be transient, since agonist binding con-
verts the receptor into a G-protein dissociated conforma-
tional state that usually has low agonist affinity [20-22].
Nonetheless, at least one promising agonist radioligand,
["'C]CUMI-101 (Chart 1), has been reported recently for
imaging brain 5-HTya receptors [23,24]. Such a radioligand
is thought to bind only to the G-protein-coupled receptors
and may therefore show greater sensitivity of receptor bind-
ing to endogenous 5-HT levels.

S14506 (1-[2-(4-fluorobenzoylamino)ethyl]-4-(7-methoxy-
naphthyl)piperazine) (Chart 1) is one of the most potent and
selective agonists known for 5-HTa receptors [25-27]. Its
high sub-nanomolar affinity for rodent and human 5-HTa
receptors is at least 100-fold greater than for adrenergic, do-
paminergic, histaminergic, opioidergic, GABAergic, cho-
linergic and other 5-HT receptors. Under in vitro conditions,
the receptor binding of [°H]S14506 is “atypical’ for an ago-
nist in that it binds to both the G-protein coupled and uncou-
pled forms of 5-HT,, receptor with almost equally high af-
finity [26,28]. This contrasts with the prototypical 5-HTa

© 2010 Bentham Science Publishers Ltd.
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Chart 1. Structures of 5-HT 4 receptor antagonists and agonists.

agonist ligand, 8-OH-DPAT, which has a nanomolar affinity
for the G-protein coupled form of the receptor only [28].

Lima et al. [26] found that at one hour after i.v. injection
of [*H]S14506 into mice, radioactivity in 5-HT;a receptor-
rich hippocampus was 2.5 fold higher than in receptor-poor
cerebellum when measured ex vivo. They therefore sug-
gested that S14506 could be developed into a PET radio-
ligand for imaging 5-HTa receptors in vivo. We have previ-
ously labeled S14506 with either carbon-11 or fluorine-18
[29]. Here we aimed to test [**'C]S14506 and [‘®F]S14506 as
radioligands for imaging 5-HT 4 receptors in vivo with PET.
We found that these radioligands provided only very low
ratios of receptor-specific to non-specific binding in rat and
monkey in vivo, and also that they appear to be substrates for
the efflux transporter P-gp at the blood-brain barrier in both
species.

EXPERIMENTAL
Animal Procedures

All animal procedures were performed in strict accor-
dance with the National Institutes of Health Guide for Care
and Use of Laboratory Animals [30] and were approved by

the National Institute of Mental Health (NIMH) Animal Care
and Use Committee.

Materials

No-carrier-added [“'C]S14506 and ['®F]S14506 were
synthesized in high radiochemical purity (> 97%) and formu-
lated for intravenous administration as previously described
[29]. For intravenous injection, cyclosporin A (98.5%,
Fluka) was formulated in a 1: 3 (v/v) mixture of ethanol and
Cremophore EL (BASF) to a final concentration of 75
mg/mL, and diluted twofold with ‘Saline for injection’.
Tariquidar (XR9576; 7.5 mg/mL for injection; Xenova) was
diluted with ‘5% Dextrose injection’ (Baxter) before i.v. in-
jection into monkey. Reference S14506, WAY-100635 and
DWAY were obtained from Dr. Eric Vermeulen (Groningen
University, The Netherlands). Other materials and solvents
were purchased from commercial sources and used as re-
ceived.

General Methods

Moderately high levels of radioactivity (> 0.5 mCi) were
measured in a calibrated ionization chamber. Low levels of
radioactivity were measured in an automatic well-type y-
counter. All radioactivity measurements were corrected for
background and also decay-corrected. Time-activity curves
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measured with PET were also decay-corrected. Buffer or
biological samples were analyzed for radioligands and their
radiometabolites with HPLC on a NovaPak C;g column (4
um; 100 x 8.0 mm i.d.; Waters Corp.), housed within a ra-
dial compression module (RCM-100), and eluted at 1.5 or
2.0 mL/min with MeOH: H,0O: Et;N (80: 20: 0.1 by vol.)
[31]. Eluate was monitored for radioactivity and absorbance
at 220 nm (Method A). The radiochromatograms were stored
and analyzed with “BiochromLite” software (Bioscan) with
decay correction of all events to the time of injection onto
HPLC. Full recovery of radioactivity from the HPLC column
was checked by injection of methanol (2 mL) at the end of
each run.

Radioactivity concentrations in biological tissues meas-
ured ex vivo or with PET in vivo were decay-corrected to the
time of radioligand administration and expressed as percent
standardized uptake value (%SUV), defined as:

Injected dose per g tissue

- —— x g Body weight x100
Injected radioactivity

PET Imaging of [''C]S14506 in Rat

For PET imaging experiments, Sprague-Dawley rats
(251-549 g) were anesthetized with 1.5% isoflurane. For
each experiment, [*'C]S14506 was injected as a bolus into
each rat via the penile vein. Rats were then scanned dynami-
cally for 90 min with the NIH small animal PET Camera
(ATLAS) [32,33].

For a P-gp inhibition experiment, one rat (411 g) was
scanned at baseline with [**C]S14506 (0.687 mCi) and then
treated with cyclosporin A (25 mg/kg, i.v.) in Cremophor EL
formulation, at 2.5 h after the radioligand injection. After
another 30 min, the rat was given a second injection of
[*'C]1S14506 (1.05 mCi) and scanned again. The experiment
was repeated in a second rat (325 g) with cyclosporin A ad-
ministered at a dose of (50 mg/kg, i.v.). The first and second
doses of [*'C]S14506 were 0.825 and 1.30 mCi, respectively.
In control experiments, three Sprague-Dawley rats (391-549
g) were also scanned with [*'C]S14506 (1.09-1.84 mCi) for
90 min before and after treatment with the cyclosporin A
formulation vehicle. Radioligand injections were again 3 h
apart.

For a radiotracer displacement experiment, one rat (251
g) was treated with cyclosporin A (25 mg/kg, i.v.). Thirty
minutes later, the rat was injected with [**C]S14506 (0.818
mCi) followed 13 and 15 min later with DWAY (1 mg/mL;
0.5 mL). The experiment was repeated in a rat of similar
weight (259 g) with DWAY (2 mg/kg, i.v.; 1.0 mL) adminis-
tered between 28 and 39 min after radioligand (1.05 mCi).

PET Imaging of [®*F]S14506 in Rat

PET imaging was performed in one rat (355 g) as
described for imaging with [*'C]S14506, except that
[*®F]S14506 (0.598 mCi; 1.14 Ci/umol) was used as radio-
ligand. A second rat of similar weight (376 g) was treated
with cyclosporin A (50 mg/kg, i.v.) in Cremophor EL formu-
lation at 30 min before injection with [*®F]S14506 (0.360
mCi; 0.399 Ci/umol) and PET scanning.
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PET Imaging of [''C]S14506 in Monkey

A rhesus monkey (~ 15 kg) was anesthetized with 1.5%
isoflurane and injected intravenously with a bolus of
[*'C]1S14506 (3.8 mCi; > 2.0 Ci/umol) alone and at 3 h later
with a second bolus of [*'C]S14506 (3.9 mCi; > 1.0
Ci/umol). WAY 100635 (0.3 mg/kg, i.v) was administered at
40 min after the second radioligand injection. Emission data
from the brain were acquired for 90 min on an Advance PET
camera (GE Healthcare, Waukesha, WI) after each radio-
ligand injection. In a P-gp inhibition experiment on a sepa-
rate occasion, the same monkey (14.95 kg) was injected with
[*'C]S14506 (4.06 mCi; 0.722 Ci/umol) to obtain baseline
PET data. At 3 h later the same monkey was injected with
tariquidar (4 mg/kg, i.v.) and, after another 30 min, again
injected with [*'C]S14506 (3.7 mCi; 0.833 Ci/umol). In this
experiment, emission data were acquired for 90 min on a
High Resolution Research Tomograph (HRRT, Siemens
Medical Solutions, Knoxville, TN). Scans were corrected for
attenuation and scatter. PET images were co-registered to
MRI scans of the same monkey. Cerebellum, hippocampus,
frontal cortex and occipital cortex were selected as regions of
interest.

PET Imaging of [*F]S14506 in Monkey

Imaging was performed in the HRRT camera under base-
line conditions for 120 min in one monkey (11.5 kg), as for
the PET imaging of [*'C]S14506, except that [‘®F]S14506
(2.73 mCi; 1.14 Ci/umol) was used as radioligand.

Stability in Whole Blood, Blood Distribution, and Plasma
Protein Binding of [*'C]S14506 and [**F]S14506

Rat blood was collected by cardiac puncture, and monkey
blood through arterial sampling, each into heparinized ves-
sels.

Radioligand stability in whole blood was determined by
adding [*'C]S14506 or [**F]S14506 (~ 50 uCi in 5 pL of
formulation medium) to rat or monkey whole blood (1.5 mL)
and incubating the mixture at room temperature for 125 min.
At the end of incubations, plasma was separated from whole
monkey or rat blood by centrifugation (1800 g x 3 min). Ra-
dioligand binding to plasma proteins was then measured ac-
cording to Gandelman et al. [34]. An aliquot of each plasma
sample (200 pL) was also removed and added to a vial con-
taining acetonitrile (500 pL) and reference S14506 (3 ug).
Water (200 pL) was added and the sample mixed well again.
The tubes containing the plasma-acetonitrile mixtures were
centrifuged at 9400 x g for 2 min. Precipitates and super-
natant liquids were measured for radioactivity in a y-counter.
Samples of the protein-free supernatant liquids were then
analyzed by HPLC Method A. The composition of radioac-
tivity in plasma and brain, in terms of percentages of un-
changed radioligand and radiometabolites, was calculated
from the acquired chromatographic data.

For the determination of the distribution of [**F]S14506
between blood components, rat whole blood (0.5 mL) was
added to two tubes. ['®F]S14506 (0.8 uCi) was then added to
each tube and incubated at room temperature for 27 min. The
blood was centrifuged at 1800 x g for 3 min. Plasma was
separated and all components measured for radioactivity in a
y-counter.
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Ex Vivo Determination of the Biodistribution of
[*®F]S14506 in Rat

One Sprague-Dawley rat (362 g) was injected with
[*®F]S14506 (627 pCi; 0.874 Ci/umol) at 20 min after ad-
ministration of cyclosporin A (50 mg/kg, i.v.). Thirty min-
utes after injection of [‘®F]S14506, one large blood sample
was obtained by cardiac puncture, and the brain excised. The
cerebellum and the remainder of the brain were resected and
immediately placed in pre-weighed tubes containing acetoni-
trile (1 mL). The tubes were re-weighed and then measured
for radioactivity in a y-counter. The brain tissues were ho-
mogenized along with added S14506 (50 pg). After addition
of water (200 pL), the brain tissues were again homoge-
nized, re-measured in the y-counter and then centrifuged at
9400 x g for 2 min. The supernatant liquids were analyzed
by HPLC Method A.

Plasma was separated from blood and deproteinized, as
described earlier, and then analyzed by HPLC Method A.
The composition of radioactivity in plasma and brain, in
terms of percentages of unchanged radioligand and radiome-
tabolites, was calculated from the acquired chromatographic
data.

The Effect of Cyclosporin A on Rat Plasma and Brain
Levels of [**F]S14506

Two rats were used for this study. One (267 g) served as
a control. The other (256 g) was treated with cyclosporin A
(50 mg/kg, i.v.) at 30 min before injection of [*F]S14506.
The control and cyclosporin A treated rats were injected with
599 and 601 uCi of [*°F]S14506, respectively. Each rat was
sacrificed at 30 min after radioligand injection. Blood, cere-
brum and cerebellum were resected from each animal. Pro-
tein-free plasma was separated from blood, as described
above, and anal%/zed by HPLC Method A. The concentration
of unchanged [*®F]S14506 in plasma was quantified. Brain
and cerebellar radioactivities were measured with a +y-
counter.

Measurement of the Emergence of Radiometabolites in
Monkey Plasma after [*'C]S14506 or [**F]S14506 Ad-
ministration

Blood was sampled from the femoral artery into hepari-
nized tubes on at least nine known times after administration
of either [*'C]S14506 or [*F]S14506 to an anaesthetized
rhesus monkey ready to be scanned with PET. Sampling
times covered the full span of the PET study. Protein-free
plasma was separated from blood as described above and
then analyzed by HPLC Method A. The composition of ra-
dioactivity in plasma, in terms of percentages of unchanged
radioligand and radiometabolites, was calculated from the
acquired data.

Determination the LogD; 4 of S14506 and Computation of
cLogD;4and LogP

The LogD;, of S14506 was determined using
[*®F]S14506 (> 99.8% radiochemical purity) with a method
described previously [35,36], which is based on the distribu-
tion of radioligand between n-octanol and sodium phosphate
buffer (0.15 M; pH 7.4) at room temperature. cLogD7,4 and
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LogP for S14506 were calculated from its structure with Pal-
las 3.0 software (Compudrug, S. San Francisco, CA).

RESULTS

PET Measurement of Brain Uptake of [**C]S14506 in
Rats and Effects of Cyclosporin A and DWAY

Brain time-activity-curves, obtained following admini-
stration of [*'C]S14506 to two rats, each under baseline and
cyclosporin A pretreatment conditions, are shown in Fig. (1).
Cyclosporin A, at a dose of 25 mg/kg, i.v., increased the
early peak whole brain radioactivity from ~ 210 to ~ 310%
SUV. A higher cyclosporin A dose (50 mg/kg, i.v.) in the
second rat further increased peak whole brain radioactivity to
~ 350% SUV. In each experiment, radioactivity in brain de-
creased steadily to a low level over 90 min. In control ex-
periments, the formulation vehicle of the cyclosporin A dose
had no appreciable effects on brain radioactivity uptake and
washout (data not shown).
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Fig. (1). Whole brain time-activity curves for a single rat adminis-
tered [*'C]S14506 alone (o) or at 30 min after cyclosporin A (25
mg/kg, i.v.) (A), and in another rat administered [**C]S14506 alone
(o) or at 30 min after cyclosporin A (50 mg/kg, i.v.) (A).

In the rat treated with cyclosporin A, preceding
[*'C]1S14506, peak radioactivity uptakes in cerebellum, tem-
poral cortex and frontal cortex were similar, but radioactivity
washed out of 5-HT;a receptor poor cerebellum faster than
from 5-HT receptor-rich cortices (Fig. 2) and also other
regions (not shown). The maximal ratio of radioactivity con-
centration in temporal cortex to that in cerebellum was about
1.6 at 35 min after injection.

In two experiments, in rats that had been pretreated
with cyclosporin A (25 mg/kg, i.v.), and administered
[*'C]1S14506 followed by a high dose of DWAY, the rate of
radioactivity washout from whole brain noticeably increased
after the administration of DWAY (Fig. 3).

PET Measurement of [**F]S14506 Uptake in Rat Brain
and Effect of Cyclosporin A

The peak uptake of radioactivity following injection of
[*®F]S14506 to rat occurred quickly and was increased by
pre-administration of cyclosporin A (Fig. 4).
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Fig. (2). Time-activity in cerebellum (e), temporal cortex (A) and

frontal cortex (¢) in a rat pretreated with cyclosporin A (50 mg/kg,
i.v.) at 30 min before [**C]S14506.
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Fig. (3). Whole brain time-activity curves for two rats pre-treated
with cyclosporin A (25 mg/kg, i.v) and administered [*'C]S14506
followed by DWAY (1 mg/kg, i.v.) at 13-15 min (A) or DWAY (2
mg/kg, i.v.) at 28-39 min (o).
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Fig. (4). Whole brain time-activity curves for a rat administered
[*®F]S14506 alone (o) or in another rat at 30 min after cyclosporin
A (50 mg/kg, i.v.) (A).

PET Measurement of Brain Uptake of [**C]S14506 in
Monkey and Effects of WAY-100635 and Tariquidar

After intravenous administration of [*'C]S14506 to mon-
key, radioactivity in whole brain peaked at ~ 170% SUV at 7
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min. The initial uptake of radioactivity was similar in all
brain regions, but radioactivity washed out slightly slower
from 5-HT 4 receptor-rich regions, such as cingulate gyrus,
temporal cortex and thalamus, than from receptor-poor cere-
bellum (Fig. 5A). Ratios of radioactivity in receptor-rich
regions to that in cerebellum reached ~ 1.35 at 60 min. In an
experiment in which WAY 100635 (0.3 mg/kg, i.v.) was
given at 40 min after [*'C]S14506, radioactivity concentra-
tions in all regions more quickly approached the same termi-
nal level. This appeared to be mainly due to a retarded wash-
out of radioactivity from cerebellum after WAY 100635 ad-
ministration (Fig. 5B).
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Fig. (5). Uptake of radioactivity (%SUV) into brain regions after
intravenous administration of [**C]S14506 to rhesus monkey, under
baseline conditions (Panel A) and in a displacement experiment
(Panel B) in which WAY 100635 (0.3 mg/kg, i.v.) was given at 40
min after [11C]Sl4506. Key: o, cerebellum; A, temporal cortex; V,
thalamus; x, cingulate.

When the same monkey was treated with tariquidar (4
mg/kg, i.v.) at 30 min before administration of [*'C]S14506,
radioactivity in brain peaked at a higher value (~ 240%
SUV; Fig. 6). The ratios of radioactivity in 5-HT 4 receptor-
rich regions, such as hippocampus, to that in cerebellum
were again about 1.5 at 60 min.

PET Measurement of Brain Uptake of [**F]S14506 in
Monkey

After intravenous injection of [®F]S14506 into a rhesus
monkey there was moderate uptake of radioactivity into
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Fig. (6). Time-radioactivity curves in regions of the same rhesus
monkey after administration of [*'C]S14506 alone (open symbols)
or at 30 min after treatment with tariquidar (4 mg/kg, i.v.) (solid
symbols). Key: o/e, cerebellum; A/ A ; hippocampus; V/V¥; occipi-
tal cortex.

brain followed by slow washout (Fig. 7). Radioactivity up-
take was initially highest in cerebellum but radioactivity also
declined more rapidly in cerebellum than in 5-HT 4 receptor-
rich regions, such as hippocampus, frontal cortex and occipi-
tal cortex.
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Fig. (7). Time-activity curves in brain regions of monkey after the
intravenous injection of [*F]S14506. Key: e, cerebellum; A, hippo-
campus; o, frontal cortex; V, occipital cortex.

Rat Blood Distribution and Protein Binding of S14506

[1'C]S14506 was > 99.5% unchanged after incubation
with rat whole blood in vitro for 125 min. The protein bind-

Luetal.

ing of [*'C]S14506 and [*®F]S14506 in rat plasma was very
high, with only 0.52% and 0.61% free in plasma, respec-
tively. The whole blood distribution of [*'C]S14506, without
hematocrit correction, was 59.1% to plasma and 40.9% to
cellular components. The whole blood distribution of
[*®F]S14506, without hematocrit correction, was 74.2% to
plasma and 25.8% to cellular components.

Radiometabolites of [*®F]S14506 in Rats

At 30 min after administration of [**F]S14506 to rats,
three radiometabolite fractions ([**F]JA-C) were detected
in plasma (Table 1). These fractions eluted ahead of
[*®F]S14506 (tz = ~ 7.0 min) in the reverse phase HPLC
analysis, with retention times of ~ 2.7, 3.8 and 5.5 min for
[*F]A, [**F]B and [**F]C, respectively. In brain, the vast
majority of the radioactivity was [*®F]S14506. Only low
amounts of the three radiometabolites appeared in brain. The
ratio of brain [®F]S14506 concentration to that in cerebel-
lum was 1.5.

Effect of Cyclosporin A on Rat Plasma and Brain Levels
of [®F]S14506

At 30 min after administration of [*F]S14506, control
and cyclosporin A treated rats showed similar plasma con-
centrations of unchanged [*®F]S14506 (Table 2). The ratios
of the brain and cerebellum [*|F]S14506 concentration
to that in plasma were 12.2 and 10.0, in the control rat and
22.9 and 14.0 in the cyclosporin A treated rat, respectively.
Thus, cyclosporin A pretreatment increased brain uptake of
[*®F]S14506 without greatly affecting plasma parent concen-
tration.

Emergence of Radiometabolites of [*'C]S14506 in Mon-
key Plasma

After intravenous administration of [*'C]S14506 to mon-
key, the decrease in radioactivity in plasma was rapid (data
not shown). Recoveries of radioactivity from plasma into
protein-free plasma for HPLC analysis were uniformly high
(94.6 £ 1.9%, n = 20). A single radiometabolite appeared in
plasma with a shorter retention time (2.1 + 0.1 min, n = 22)
in the HPLC analysis (eluent flow rate 2.0 mL/min) than
[*'C]S14506 (tg = 5.3 + 0.2 min, n = 22). This much less
lipophilic radiometabolite represented half the total radioac-
tivity at 5 min after radioligand injection (Fig. 8). Another
radiometabolite (tg = 3.5 £ 0.3 min, n = 22) was also ob-
served, but this never became more than 3.1% of the radioac-
tivity in plasma. Pretreatment of the monkey with tariquidar

Table 1. Composition of Radioactivity in Various Rat Tissue Samples at 30 min after Administration of [**F]S14506
Tissue Composition (%)
[*F1S14506 [*FlA [*FIB [*FIC
Plasma® 38.6 +0.17 443+9.7 138+75 29+3.0
Cerebellum® 93.9 0.50 3.6
Remainder of brain® 97.2+0.20 0.15 +0.05 0.45 +0.05 21+0.1

%n = 3 rats (mean #+ SD); °n = 1 rat; °n = 2 rats.
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Table 2. Radioactivity Concentrations in Rat Tissues at 30 min after Administration of [*®F]S14506 Alone or after Treat-
ment with Cyclosporin A
Tissue [*®F]S14506 Concentration (%SUV)
Control Cyclosporin A treated
Plasma 9.2
Cerebellum 128
Remainder of brain 211

did not affect the rate at which radioactivity decreased in
plasma (data not shown) nor the emergence of the radiome-
tabolite (Fig. 8).

100
0 -
E 2
82 75-
5%
Lo
@ T 507
S S
%6
&’ 2 25
0
0 25 50 75 100
Time (min)

Fig. (8). Composition of radioactivity in plasma after injection of
[*'C]S14506 into monkey under baseline conditions (closed sym-
bols) and after pre-treatment with tariquidar (4 mg/kg, i.v.) (open
symbols). Key: o/e, [''C]S14506; o/m, major polar [*'C] metabo-
lite.

Emergence of Radiometabolites of [**F]S14506 in Mon-
key Plasma

Radioactivity concentration reduced raPidIy in monkey
plasma after the intravenous injection of [®F]S14506 (data
not shown). Recoveries of radioactivity from plasma into
protein-free plasma for HPLC analysis were uniformly high
(95.9 + 1.7%, n = 31). Two radiometabolite fractions gradu-
ally appeared in plasma, [**F]JA' and [**F]B', which had
shorter retention times of 3.0 £ 0.5 min (n = 34) and 4.9 +
0.5 min (n = 34) min, respectively, on reverse phase HPLC
analysis (eluent flow rate 1.5 mL/min) than parent
[*®F]S14506 (t; ~ 8.0 + 0.1 min, n = 34) (Fig. 9).

LogD;.4, cLogD and LogP of [‘®F]S14506

[*®F]S14506 was stable to incubation in sodium phos-
phate buffer (0.15 M) at room temperature for 2.5 h. The
LogDy.4 of [®F]S14506 was found to be 4.14 + 0.06 (n = 6).
The computed value (cLogD74) was 2.22. The cLogP value
was calculated to be 3.24.

DISCUSSION

This study demonstrated that S14506, labeled with either
carbon-11 or fluorine-18, is ineffective as a radioligand for

sensitively imaging brain 5-HT 4 receptors in rat or monkey
in vivo with PET and furthermore indicated that S14506 is a
substrate in these two species for the brain efflux transporter,
P-gp.

Initial PET imaging experiments in rats showed moderate
brain radioactivity uptake after intravenous injection of
[*'C]1514506 followed by washout of radioactivity down to a
very low level at 90 min (Fig. 1). Several 5-HT;A receptor
radioligands of similar structure, based on an aryl-
piperazinyl-alkyl backbone, are known to act as substrates
for P-gp at the rat blood-brain barrier [37]. These radio-
ligands include [*®*FIMPPF [38], [*'C](-)-RWAY [39] and
['C]WAY 100635 [40] (Chart 1). In view of the moderate
brain uptake of radioactivity, we decided to test the effect of
pre-administration of a P-gp inhibitor, cyclosporin A [38-
42]. Cyclosporin A has previously been shown to enhance
the brain uptake of some P-gp sensitive 5-HT,4 receptor ra-
dioligands, including [**F]MPPF [38] and [*'C](-)-RWAY
[39]. This inhibitor also enhanced the uptake of radioactivity
into rat brain after administration of [*'C]S14506 (Fig. 1),
without increasing the plasma level of radioligand. Further
evidence that S14506 is a P-gp substrate in rats was obtained
bly ex vivo measurements at 30 min after administration of
[*®F]S14506 (Table 2). We found that, at 30 min after ad-
ministration of [*®F]S14506 to rat, almost all the radioactiv-
ity in brain was unchanged radioligand, with very low con-
tamination by any of the three less lipophilic radiometabo-
lites appearing in plasma (Table 1). Treatment of a rat with

100+
80+
604

40

Presence in plasma
(% of radioactivity)

204

=T T T 1
0 50 100 150 200
Time (min)
Fig. (9). Time course of the composition of radioactivity in monkey

plasma after an injection of [*F]S14506. Key: o, [‘®F]S14506; o,
['*FIA; A, [ F]B-.
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cyclosporin A, preceding administration of [**F]S14506, also
increased radioactivity content in brain. Radioactivity con-
centration in plasma was not increased, implying that the
increased brain uptake of radioactivity was due to inhibition
of P-gp rather than to an increase in plasma input of radio-
ligand.

In this experiment with ex vivo measurements, the ratio
of radioactivity in the cerebrum, which contains several ex-
tensive 5-HTya receptor-rich regions, such as cortical re-
gions, cingulate and hippocampus [43], was higher than in
receptor-poor cerebellum, indicating a small ratio of recep-
tor-specific binding to non-specific binding of at least 1.65.
This ratio, which is for global cerebrum, is somewhat lower,
but possibly consistent with the hippocampus to cerebellum
radioactivity ratio (2.5 at 60 min) observed ex vivo by Lima
et al. [26] after injection of [?H]S14506 into mice.

In the rat imaging experiment in which brain uptake of
radioactivity was highest, namely the experiment in which a
high dose of cyclosporin A (50 mg/kg, i.v.) was given before
[*'C]1S145086, radioactivity declined faster in cerebellum than
in 5-HT 4 receptor-rich regions (Fig. 2). The maximal ratio
of radioactivity concentration in temporal cortex to that in
cerebellum reached 1.60 at 35 min. This ratio denotes a low
level of receptor-specific binding as found in the ex vivo rat
brain measurements. Imaging of regions in rat brain is sub-
ject to partial volume effects because of the small size of the
regions in relation to the achievable physical resolution of
the PET camera (~ 1.6 mm FWHM). Partial volume effects
cause a net “spill-over’ of radioactivity from high radioactiv-
ity regions to nearby low radioactivity regions. Hence, PET
measurements in small animal brains tend to under-estimate
ratios of receptor-specific to non-specific binding. True val-
ues may be measured ex vivo. By comparing the reported
binding of [PH]JWAY 100635 to mouse [44] and rat brain
regions [43] in vivo, it seems reasonable to assume that brain
regional 5-HT receptor densities are quite similar between
these species. The partial volume effect may therefore
largely explain why the proportion of receptor-specific bind-
ing seen with PET imaging in rat is lower than that deter-
mined by previous ex vivo measurements in mice [26].

In PET imaging experiments with [*'C]S14506 in cy-
closporin A pretreated rats, administration of the high-affinity
selective 5-HT,, antagonist, DWAY [9], during scans accel-
erated the washout of radioactivity from whole brain (Fig.
3). This again indicated a low proportion of specific radio-
ligand binding in brain.

The effects of possible radiometabolites of [*'C]S14506
in imaging experiments were unknown. In view of the find-
ing that rat plasma radiometabolites of [**F]S14506 do not
readily enter brain (Table 1), PET imaging was also per-
formed in a rat with [**F]S14506, with and without cy-
closporin A pretreatment (Fig. 4). Again cyclosporin A pre-
treatment increased peak brain uptake of radioactivity.
The time-activity curves for whole brain had a similar shape
to those seen in the corresponding experiments with
[*'C]1S14506 (Fig. 1), thereby suggesting that brain entry of
radiometabolites from plasma was not very significant for
either radioligand [45].

Luetal.

Clearly, neither [**C]S14506 nor [*°F]S14506 is effective
for sensitive imaging of rat brain 5-HT receptors with PET.
We therefore decided to test these radioligands in a larger
species closer to human, namely rhesus monkey.

In an experiment in which a monkey was injected with
[*'C]S14506 alone, the uptake of radioactivity in brain re-
gions peaked quickly at about 170% SUV, and was followed
by a continuous decrease to a low level over 90 min (Fig.
5A). The decrease was faster in receptor-poor cerebellum
than in 5-HT A receptor rich regions, such as cingulate, tem-
poral cortex and thalamus. This suggested the existence of a
low proportion of receptor-specific binding in 5-HT 4 recep-
tor-rich regions. In a second experiment, the high affinity
selective 5-HT; receptor antagonist, WAY 100635, was
administered at 40 min after radioligand. This reduced radio-
activity concentrations in all regions to the same low level by
90 min, mainly due to a decrease in the rate of radioactivity
washout from cerebellum, rather than to any change in the
rate of washout from receptor-rich regions (Fig. 5B). A pos-
sible explanation of this finding is that WAY-100635 caused
an increase in radioligand delivery to brain from plasma,
possibly as a result of displacement of [*'C]S14506 into
plasma from peripheral binding sites.

In view of the moderate uptake of radioactivity in brain
and the observed sensitivity of [**C]S14506 to rat P-gp, we
also tested this radioligand for sensitivity to P-gp in monkey.
We chose to use the safer P-gp inhibitor, tariquidar [46-48],
since cyclosporin A is severely immunosuppressive and un-
suitable for nonhuman primates. In a monkey pre-dosed with
tariquidar at 4 mg/kg, peak brain radioactivity increased
from ~ 170 to ~ 240% SUV. Thus, S14506 appears to be a
substrate for both rat and monkey P-gp. This is unlike the 5-
HT.a receptor radioligand [*'C](-)-RWAY which shows
species differences in P-gp sensitivity [39, 48]. The effect of
higher doses of tariquidar on the brain uptake of radioactiv-
ity was not tested. The structural features of S14506 respon-
sible for conferring P-gp sensitivity may include the p-
fluorobenzoyl group as in highly P-gp sensitive MPPF,
and/or the aryl-piperazinyl head as in WAY-100635 a more
weakly P-gp sensitive ligand (Chart 1).

In the tariquidar pretreatment experiment, radioactivity
decreased more rapidly in cerebellum than from 5-HTy re-
ceptor-rich regions, such as hippocampus and occipital cor-
tex (Fig. 6). The maximal ratio of radioactivity concentration
in hippocampus to that in cerebellum was 1.36 at 57.5 min.
PET imaging of a monkey administered [‘®F]S14506 alone
gave similar brain radioactivity uptake and time-activity
curves as [*'C]S14506 (Fig. 7).

The decrease in plasma radioactivity after [*'C]S14506
administration to monkey was rapid. A much less lipophilic
radiometabolite emerged in plasma and represented 50% of
radioactivity in plasma at 5 min (Fig. 8). The identity of this
radiometabolite is unknown, but given its polarity it might be
a single carbon species arising from N-demethylation. Such a
plasma radiometabolite would not be expected to accumulate
in brain. A second very minor radiometabolite was also ob-
served.

The decrease in plasma radioactivity after [°F]S14506
administration to monkey was also fast. Two less lipophilic
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radiometabolites slowly emerged in plasma (Fig. 9). Their
identities are unknown. An absence of radioactivity accumu-
lation in monkey skull suggested that neither was [**F]fluo-
ride ion. One may be a phenol from N-demethylation as
suspected to occur for [“'C]S14506. Another may be
[*®F] fluorobenzoic acid from amide hydrolysis. Given the
similarity in the cerebellar time-activity curves after admini-
stration of [*'C]S14506 and [‘®F]S14506, there is probably
little accumulation of *'C-labeled or '°F-labeled radiome-
tabolite in monkey brain, as also observed for [**F]S14506 in
rat (Table 1).

As in rat, [*'C]S14506 and [*®F]S14506 are ineffective
radioligands for quantifying brain 5-HT;A receptors in mon-
key brain in vivo. It is unclear whether the very small spe-
cific signals derive from binding to G-protein coupled or
non-coupled receptors, or both. How may the lack of effi-
cacy of these radioligands be explained? A lack of 5-HTa
receptor affinity is not an explanation, since the affinity is
well characterized as sub-nanomolar for rat (K4 = 0.2-0.3
nM) [28] and human (K4 = 0.13 nM) [27] receptors, and is
similar to that of successful antagonist radioligands, such as
WAY-100635 (K4 = 0.1 nM) [5], and the promising agonist
radioligand ["*C]CUMI-101 (K; = 0.15 nM) [23]. A possible
factor is that the off rate for S14506 from the receptor is too
fast. A finding of an off rate for S14506 from human 5-HTa
receptors in recombinant Chinese hamster ovary cells of
0.029 min™ at room temperature [27], corresponding to a
half-life for dissociation of 23.9 min appears consistent with
this suggestion, as do the time-activity curves for radioactiv-
ity decrease from 5-HT 4 receptor-rich regions in this study.
A further factor may be that S14506 is just too lipophilic.
Computation of cLogD for S14506 from structure gave a
value of 2.22, which is usually regarded as an acceptable
value for candidate PET radioligands [49]. However, meas-
urement of LogD gave a value of 4.14 which may be re-
garded as too high. The very high percentage of radioligand
binding to rat plasma proteins reflects this high lipophilicity.
Moreover, in monkey, despite the rapid clearance of S14506
from plasma, the decline in non-specific binding in brain, as
represented by cerebellar time-activity curves was quite
slow. Generally, a 50% decrease in cerebellar radioactivity
required > 32 min. Successful 5-HT 4 receptor radioligands,
including the antagonists [carbonyl-""CJWAY 100635 [50,
51] and [carbonyl-"'CIDWAY [52] and the agonist
[*'C]ICUMI-101 [23,24] show much faster decreases of ra-
dioactivity from primate cerebellum. Thus, [*'C]S1406 and
[*®F] S14506 show too fast a decrease in specific binding and
too slow a decrease in non-specific binding in living brain.

CONCLUSIONS

[*'C]1S14506 and [*°F]S14506 are ineffective for sensitive
measurement of brain 5-HT;, receptors with PET in vivo,
and are furthermore P-gp substrates. Our findings here will
help guide future agonist radioligand development.
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